Primary ovarian insufficiency (POI) is characterized by amenorrhea and loss or dysfunction of ovarian follicles prior to the age of 40. POI has been associated with autosomal recessive mutations in genes involving hormonal signaling and folliculogenesis, however, the genetic etiology of POI most often remains unknown. Here we report MRPS22 homozygous missense variants c.404G>A (p.R135Q) and c.605G>A (p.R202H) identified in four females from two independent consanguineous families as a novel genetic cause of POI in adolescents. Both missense mutations identified in MRPS22 are rare, occurred in highly evolutionarily conserved residues, and are predicted to be deleterious to protein function. In contrast to prior reports of mutations in MRPS22 associated with severe mitochondrial disease, the POI phenotype is far less severe. Consistent with this genotype-phenotype correlation, mitochondrial defects in oxidative phosphorylation or rRNA levels were not detected in fibroblasts derived from the POI patients, suggesting a non-bioenergetic or tissue-specific mitochondrial † defect. Furthermore, we demonstrate in a Drosophila model that mRpS22 deficiency specifically in somatic cells of the ovary had no effect on fertility, whereas flies with mRpS22 deficiency specifically in germ cells were infertile and agametic, demonstrating a cell autonomous requirement for mRpS22 in germ cell development. These findings collectively identify that MRPS22, a component of the small mitochondrial ribosome subunit, is critical for ovarian development and may therefore provide insight into the pathophysiology and treatment of ovarian dysfunction.
Introduction
Primary ovarian insufficiency (POI) is defined by the loss or dysfunction of ovarian follicles associated with amenorrhea before the age of 40 (1) . POI is a major cause of female infertility with a prevalence greater than 1%. There is a strong genetic component to the development of POI, both in the form of monogenic and multigenic disorders, however, in most cases the genetic etiology of POI remains unclear (2) . Among the most common genetic defects associated with POI are X chromosome defects, which collectively account for approximately 10-25% of POI cases (2) . These include Turner's syndrome, Triple X syndrome and Fragile X syndrome. A number of monogenic disorders resulting in POI have also been identified, including those with variants in BMP15 and PGRMC1, both located on Chromosome X, as well as those with variants in GDF9, FOXO3, FIGLA and NR5A1, among others, that are autosomal (2) . These variants are each estimated to account for between 1% and 2% of POI cases. Thus, the majority of POI cases remain classified as idiopathic.
Although there remains much to understand about the genetic basis of POI, much has been learned already about both normal and pathological ovarian development based on cellular and molecular studies of the genes that have been associated with POI. For example, SYCE1, STAG3 and HFM1 are members of the synaptonemal complex that are required for chromosomal segregation during meiosis (3) (4) (5) (6) (7) and NUP107 is a component of the nuclear pore complex that is important for maintaining the communication between gonadal somatic cells and oocytes (8) . Furthermore, autosomal recessive disorders that affect DNA repair, such as MCM8 (9) and MCM9 (10, 11) and genes encoding transcription factors, such as FIGLA (12), SOHLH1 (13) and NOBOX (14, 15) have been recently reported in POI. Moreover, eukaryotic translation initiation factor 4E nuclear import factor 1 (eIF4ENIF1) has been recently identified in cases of dominantly inherited POI (16) . However, there are still many cases with unexplained POI suggesting that new causative genes are yet to be discovered.
Here we present the identification of two different homozygous missense mutations in the nuclear-encoded gene mitochondrial ribosomal protein S22, MRPS22, as another genetic cause of POI in four adolescent females from two independent consanguineous families. Drosophila modeling demonstrated a cell autonomous function of the MRPS22 ortholog in germ cells that is required for female germ cell viability, thus collectively demonstrating the importance of MRPS22 in reproduction and ovarian development.
Results

Identification of mutations in MRPS22 in patients with POI
To identify novel genetic causes of POI, we focused on an extended Israeli-Christian Arab consanguineous family, in which two distinct genetic conditions with autosomal-recessive inheritance patterns were suspected (Fig. 1A) . The presence of two distinct genetic conditions is not uncommon in this particular patient population (17) . The first genetic condition presented as 46, XY females with inguinal hernias that contained testicles in two twin sisters at the age of 3 years (Fig. 1A, F1 -IV-7 and F1-IV-8). Genetic evaluation revealed that both sisters had a 46, XY karyotype and were homozygous for a missense mutation in the hydroxysteroid 17-beta dehydrogenase 3 gene [NM_000197.1 (HSD17B3): c.239G>A; p.Arg80Gln], thus resulting in a diagnosis of 17-beta hydroxysteroid dehydrogenase type III deficiency (OMIM: 605573) (18) . HSD17B3 converts androstenedione to testosterone and is expressed predominantly in the testes (19) . One girl underwent bilateral gonadectomy at the age of 3 years and continued to be raised as a female. Her sister underwent unilateral gonadectomy at the age of 3 years and was raised as female until the age of 9 years, when due to adrenarche and the presence of one testicle in the inguinal canal, signs of masculation appeared. The parents decided to raise the child as a boy. All of the other girls in the extended family (Fig. 1A) were evaluated and found to have a normal 46, XX karyotype.
The second genetic condition in this family was suspected when the proband (Fig. 1A, F1 -IV-9) presented with delayed puberty at the age of 16 years, with delay in breast development (B) and pubic hair (P) that were at Tanner stage 1 and 2, respectively. Hormonal testing revealed hypergonadotrophic hypogonadism as evidenced by high basal gonadotropin levels including luteinizing hormone (LH) and follicle-stimulating hormone (FSH), as well as undetectable estradiol (E2) ( Table 1) . Medical history revealed normal pregnancy and delivery (birth weight 3000 g) and normal growth and development during childhood. Genetic analysis revealed that this individual was homozygous for the p.Arg80Gln variant in the HSD17B3 gene. However, all previously described 46, XX female patients that were homozygous for the p.Arg80Gln variant were asymptomatic (18, 20) . Thus, a second unrelated genetic condition was suspected (17) . Family history revealed that in the extended family there is another 19-year-old girl (Fig. 1A, F1 -IV-5) with delayed puberty (B1P2) and a similar profile of POI with hypergonadotrophic hypogonadism (Table 1) . MRI of the proband demonstrated a very small uterus, measuring 5 Â 12 Â 14 mm. Adrenocorticotropic hormone (ACTH) testing in both patients confirmed normal cortisol production, without any evidence of an enzymatic block (Supplementary Material, Table S1 ). Urinary steroid analysis by gas chromatography/mass spectrometry (GC/MS) revealed low levels of etiocholanolone (Et) and androsterone (An), and that methemoglobin levels were normal. Echocardiography revealed a normal heart in both sisters. Lactate levels (1.0 and 1.4 mmol/L; normal range 0.5-1.6 mmol/L) and blood pH (pH ¼ 7.33 and 7.31) were both normal. Bone age measurements taken at chronological age 18 years and 3 months were compatible with bone age of 13 years, thus demonstrating delayed bone age.
The proband's sister (Fig. 1A, F1 -IV-11), at the age of 9 years also showed elevated LH level of 10.4 mIU/ml with low FSH 0.27 mIU/ml and undetectable estrogens. At the age of 12 years, physical examination revealed Tanner stage 3 breast development with detectable estrogen but elevated gonadotropins (Table 1) . Anti-mullerian hormone was undetectable < 0.16 mg/l. MRI showed a small uterus with normal cervix (21 Â 9 Â 9 mm) and small ovaries (10 Â 6 Â 4 mm). An ovarian biopsy at the age of 14 years, taken for ovarian tissue preservation, demonstrated fibrotic ovaries without follicles (Fig. 2) . All three affected individuals are the offspring of first degree cousins, consistent with an autosomal recessive inheritance pattern (Fig. 1A) . Genetic evaluation in all three patients revealed a normal female karyotype 46, XX. One patient was homozygous for the p.Arg80Gln variant in HSD17B3, one was heterozygous and one did not carry the HSD17B3 variant. Given that mutations in HSD17B3 are not associated with POI (18, 20) , and the POI phenotype did not segregate with the p.Arg80Gln variant in HSD17B3 in this family, it suggested an independent genetic etiology (Fig. 1A) . To identify the genetic basis of the POI, linkage analysis was performed with affected individuals F1-IV-5, F1-IV-9 and the unaffected sibling F1-IV-1. Based on the predicted autosomal recessive inheritance pattern, we focused on regions of homozygosity in the affected daughters F1-IV-5 and F1-IV-9 that were heterozygous in the unaffected sibling F1-IV-1. SNP genotyping analysis identified 19 loci greater than 1 Mb on 10 different chromosomes that segregated with the POI.
To identify the causal genetic mutation within these candidate intervals, we performed WES in affected individual F1-IV-5 and the unaffected individual F1-IV-1 (Fig. 1A) . Candidate variants encoding non-synonymous changes discovered by WES were filtered to remove variants with an allele frequency greater than 0.01 and that were not predicted by either SIFT (21) (Fig. 3A) . To ensure that there were no other non-synonymous variants within this interval segregating with disease, the 12 coding regions of genes that were not covered by WES were analyzed by Sanger sequencing. These 12 intervals totaled 2167 bp of coding sequence (average size: 197 bp; range 53-411 bp) (Supplementary Material, Table  S2 ). No additional variants were identified, demonstrating that the MRPS22 (p.R202H) variant was the only amino acid change that segregated with disease. This variant is present in dbSNP (rs753345594) but has an allele frequency of 0.00001218 (3/246 212), with no homozygotes present in the genome Aggregation Database (gnomAD, v2.0). The Arg202 residue is highly evolutionarily conserved (Fig. 3B) . Collectively, this data suggested that the MRPS22 (p.R202H) variant was a strong candidate as a novel genetic cause of POI.
To identify additional POI patients with a mutation in MRPS22, this gene was submitted to GeneMatcher (23) . A second family was identified in which WES revealed a different homozygous missense mutation in MRPS22 [NM_020191; c.404G>A; p.R135Q; ClinVar Variation ID SCV000693853] in the proband F2-IV-2. This variant was confirmed by Sanger sequencing and was located within a genomic interval defined by an absence of heterozygosity (Fig. 3A) . Exome variant analysis had led to initial prioritization of five homozygous candidate variants in Family II, in BCL6, KDM1A, MRPS22, PLXND1 and TRIM62. This patient presented with a POI phenotype similar to that described for the three patients in Family 1 and as described in detail below. The MRPS22 variant was not present in the Greater Middle East Variome Project WES database (24) , the Genome Aggregation Database (gnomAD) (25) or the BCM-HGSC internal database that consists of more than 6500 exomes including $1100 Turkish exomes. Moreover, similar to MRPS22 (p.R202H), this variant is highly evolutionarily conserved ( Fig. 3B ) and predicted to be deleterious to protein function by SIFT and Polyphen2 (21, 22) .
In Family II, the proband (F2-IV-2) was born to first degree cousins of Turkish descent (Fig. 1B) . She presented with amenorrhea at 14 years and 8 months of age. Her previous medical history revealed normal pregnancy and delivery at term but she was small for gestational age with 1900 grams birth weight (À3.9 SDS). Family history was not consistent with a sexual development, puberty or infertility disorder. Physical examination revealed mild facial dysmorphism including deep-set eyes with mild hypotelorism and mild ptosis, thin upper lip and hypoplastic nares. Height was 145.3 cm (À2.1 SDS) and weight was 45 kg (þ0.4 SDS). At chronological age of 14 years and 8 months, bone age was 10 years. Fundoscopy was normal. She had Tanner stage 3 breast development, without pubic or axillary hair development. Laboratory evaluation revealed a normal 46, XX female karyotype and normal blood count and chemistry except for impaired glucose tolerance test. Blood pH levels were normal (pH ¼ 7.42), however, blood lactate concentrations were slightly elevated (3 mmol/L; normal range 0.5-1.6 mmol/L) and nerve conduction studies and electromyography testing revealed bilateral axonal polyneuropathy at lower extremities as indicated by absent evoked potentials from bilateral sural, peroneal and tibial nerves. Brain and heart morphology was normal, as revealed by cranial and pituitary MRIs and echocardiography, respectively. Endocrine evaluation revealed hypergonadotrophic hypogonadism (Table 1) . Abdomino-pelvic ultrasound showed small uterus of 15 Â 12 Â 3 mm, and ovaries could not be visualized. ACTH test was normal (Supplementary Material, Table S1 ). Plasma adrenal steroids by LC-MS/MS confirmed very low keto steroids (Table 2 ). Methemoglobin levels were elevated (1.9%, normal range: 0-1.5%) and DXA revealed mild osteoporosis (L2-L4, Z-score À2.1, BMD: 0.736 g/cm 2 ). She was treated with combined estrogen and progesterone supplementation and had menarche at 16 years and 8 months. Her final height is 157 cm (þ0.4 SDS) and weight is 58 kg (þ1 SDS). Pelvic ultrasound at 20 years of age showed uterus as 42 x 21 x 8 mm and hypoplastic ovaries (right ovary: 14 Â 6 Â 4 mm; left ovary: 11 Â 8 Â 4 mm).
Cellular studies of POI patient-derived fibroblasts
Collectively, the identification of two independent families with POI and predicted deleterious missense mutations in MRPS22 was highly suggestive that pathogenic variants in this gene represent a novel genetic cause of POI. To examine the role of the MRPS22 (p.R202H) variant on gene function, MRPS22 mRNA and protein expression levels were examined in patient-derived fibroblasts. No detectable changes were identified in protein or mRNA expression levels between control-and patient-derived primary fibroblasts ( Fig. 4A and B) . In addition to potential expression level differences in MRPS22, as a component of the small subunit of the mitochondrial ribosome, defects in MRPS22 have been shown to reduce the levels of mitochondrial rRNAs (26, 27) . However, there were no differences between controland patient-derived fibroblasts in the expression levels of the 12S and 16S rRNA expression levels (Fig. 4C) .
To evaluate the effect of MRPS22 (p.R202H) on mitochondrial function, we performed mitochondrial function studies in control-and patient-derived primary fibroblasts. Measurements of electron transport chain complex enzyme activities from cultured skin fibroblasts and OXPHOS activity measured with permeabilized cells both failed to identify significant differences in activity between fibroblasts from the POI patients and control individuals (Fig. 5) . Thus, MRPS22 (p.R202H) has no detectable effect on mitochondrial function in primary fibroblasts, although we were unable to directly examine its function in ovarian tissue.
Embryonic lethality of Mrps22 deficient mice
Given the inability to study the impact of the MRPS22 mutations in patient-derived ovarian tissue, we generated two animal models to better investigate the in vivo function of MRPS22. First, we examined a homozygous Mrps22 knockout mouse model that was generated by complete deletion of all exons and intervening sequences. Heterozygous Mrps22 knockout mice (þ/À) were fertile and showed no overt signs of abnormalities. However, among 3-week-old offspring of a heterozygous intercross, no homozygous knockout mice (À/À) were detected (Table 3) . Similarly, when offspring of a heterozygous intercross were genotyped at embryonic day 18.5 (e18.5), again no À/À offspring were detected (Table 3) . Thus, complete deficiency of Mrps22 results in embryonic lethality, demonstrating the crucial role of Mrps22 in development, but preventing functional studies in adult ovarian tissue.
mRpS22 in Drosophila germ cells is required for fertility
The Drosophila melanogaster genome encodes a single ortholog, mRpS22, with significant homology to the human MRPS22 gene.
To evaluate the role of mRpS22 in vivo, we used an inducible tissue-specific RNA interference (RNAi)-mediated knockdown approach. In these experiments, knockdown was achieved by expressing a short hairpin RNA under the control of the upstream activator sequence (UAS) with the following drivers: tub-Gal4 which uniformly drives expression in all tissues (28); c587-Gal4, and bab-Gal4, which drive expression in the somatic cells of the ovary (29) ; and the germline-specific nos-Gal4:: VP16 driver (30). We found that ubiquitous mRpS22 knockdown fibroblasts determined using protocol 1 as described (53) . (C) Rate of oxidative phosphorylation in fibroblasts determined using protocol 2 as described (53) . Control samples denote a genetically unrelated fibroblast line of approximately equal passage number that was analyzed concurrently with the samples derived from Family I.
Average denotes the historical averages of control samples analyzed from a reference population (electron transport chain activity, n ¼ 144; oxidative phosphorylation, n ¼ 57). Average sample is shown as mean 6 standard deviation. None of the data in the POI individuals is significantly different from the controls.
(tub > mRpS22 RNAi ) resulted in larval death. Interestingly, we found that knockdown in germ cells (nos > mRpS22 RNAi ), but not in the somatic cells of the ovary, led to female sterility (Table 4) .
To identify the defect underlying the female sterility, ovaries were stained with an antibody against Vasa, which labels all germ cells, and the DNA stain DAPI to monitor germ cell differentiation. Adult ovaries are composed of 15-20 individual strands of progressively developing egg chambers called ovarioles (Fig. 6A) . Egg chambers are assembled within the germarium, a structure at the anterior end of each ovariole. Each egg chamber contains 16 interconnected germ cells, one of which will become an oocyte and the others polyploidy nuclei. As each 16-cell cyst is surrounded by an epithelial monolayer of somatic cells, it will bud off from the germarium to form a chain of individualized egg chambers of progressive age. The bab > mRpS22
RNAi mutant ovarioles were indistinguishable from those in wild-type flies, suggesting that loss of mRpS22 in the somatic cells of the ovary did not alter cell viability or ovarian development (Fig. 6B) . However, nos > mRpS22 RNAi mutant ovarioles lacked strings of developing egg chambers (Fig. 6C) . Moreover, no germ cells were detected, even at the tip of the ovariole where the germline stem cells normally reside. (Fig. 6C ) This agametic phenotype suggests a defect in germ cell survival.
Discussion
Here we describe the identification of four individuals from two independent consanguineous families with missense mutations in MRPS22 that result in autosomal recessive inheritance of POI. The conclusion of pathogenicity for the MRPS22 variants was based on the cumulative evidence stemming from the identification of two different homozygous missense variants in independent families together with functional data from a Drosophila model of germ cell-specific mRpS22 deficiency. The genetic data supports the causal role of the MRPS22 variants based on the following ACMG criteria: absence in population databases (strength of criteria ¼ pathogenic moderate), multiple lines of computational evidence supporting a deleterious effect on the gene (pathogenic supporting) and co-segregation with disease in multiple affected family members (pathogenic moderate). In addition, despite the absence of mitochondrial defects in functional studies of patient-derived fibroblasts (benign strong), the animal modeling studies in Drosophila demonstrated a deleterious effect of mRpS22 deficiency on fertility and ovarian development (pathogenic strong). Thus, the cumulative evidence together supports the pathogenicity of homozygous MRPS22 missense variants as a novel cause of POI in adolescents.
MRPS22 encodes a component of the small 28S mitochondrial ribosome subunit that is found in species including mammals, fruit flies and nematodes but lacks a direct ortholog in fungi, yeast, plants or bacteria (31) . Protein translation in mitochondria is required to translate the 13 polypeptides encoded in the mitochondrial genome that are essential components of all mitochondrial respiratory chain complexes, excluding complex II which is entirely nuclear encoded (32) . The mitochondrial ribosome is composed of 80 proteins and three rRNA molecules divided between two subunits, a large 39S subunit and a small 28S subunit (33, 34) . Beyond MRPS22, mutations in other nuclearencoded proteins involved in mitochondrial translation are associated with impaired ovarian development. Homozygous mutations in another component of the 28S subunit, MRPS7, were associated with primary hypogonadism and primary adrenal failure as well as sensorineural deafness and lactic academia (35) . Mutations in the mitochondrial tRNA synthetases HARS2 and LARS2 both result in Perrault syndrome consisting of sensorineural hearing loss and ovarian dysfunction (36, 37) . Mutations in the mitochondrial tRNA synthetase AARS2 cause progressive leukoencephalopathy with ovarian failure (38) . Finally, mutations in any of the five subunits of EIF2B can lead to ovarioleukodystrophy, which in addition to vanishing white matter in the nervous system is associated with ovarian failure in female carriers (39) . Thus, the causal relationship between mutations in many genes involved in mitochondrial translation and ovarian development highlight the critical role of mitochondrial translation in this tissue.
In addition to mutations in MRPS22 causing POI, rare mutations in MRPS22 have also previously been reported to cause severe mitochondrial disease with features including cardiomyopathy, lactic acidosis and brain abnormalities (26, 27, 40, 41) . Features related to ovarian or germ cell development were not previously reported in these patients. Therefore, this report extends the phenotypic spectrum of disorders associated with impaired MRPS22 function. The only previous case reports of female patients with MRPS22 mutations were three female infants who were homozygous for an MRPS22 (p.R170H) allele and presented with severe hypotonia, hypertrophic cardiomyopathy, lactic acidosis and died in infancy. Patients described in three other case reports were all males, and also presented in critical condition with heart and brain abnormalities. Molecular analysis of mitochondrial function in patientderived fibroblasts from these patients identified decreased enzyme activities for the oxidative phosphorylation complexes and decreased levels of mitochondrial 12S and 16S rRNAs. Thus, the pathogenic variants p.R170S and p.L215P in MRPS22 in these patients compromised mitochondrial energy production. This is in contrast to the POI patient fibroblasts carrying the MRPS22 c.605G>A: p.R202H mutation, which demonstrated no defects in OXPHOS activity or mitochondrial rRNA levels. This is consistent with the relatively milder phenotype of POI and the absence of lactic acidosis. Collectively, this suggests that the MRPS22 mutations p.R202H and p.R135Q associated with POI affect primarily the mitochondrial role in the reproductive system but not in global energy production. Structural analysis of the human mitochondrial ribosome (33) suggests a potential mechanism for the more severe phenotypes associated with the missense mutations p.L215P (27) and p.R170H (26) relative to the relatively milder POI phenotype associated with the p.R135Q and p.R202H mutations (Fig. 7) . Amino acids R135 and R202 are buried and situated in an internal region of MRPS22, between an a-helical subdomain and a bsheet þ 1 a-helix subdomain as shown above and below the cluster containing R202 and R135 (Fig. 7) . Both R135 and R202 form hydrogen bond interactions and van der Waals interactions that will be disrupted by their respective mutations causing a localized disturbance of that particular MRPS22 structure, possibly also affecting its interaction with residues near F177 of MRPS18B. The L215 residue is located in a hydrophobic region comprised of three a-helices. The p.L215P mutation likely not only causes a disruption of this hydrophobic core, but the change to Pro is also predicted to disrupt both the hydrogen bonding of the a-helix to which L215 belongs and van der Waals interactions with an a-helix of MRPS18B (Fig. 7) . The R170 residue is situated in the b-sheet þ 1 a-helix subdomain (Fig. 7) . The R170 side chain is making a hydrogen bond interaction with the backbone oxygen of S162. This S162 residue itself is in hydrogen bonding distance with D71 of protein MRPS16 (Fig. 7) . We anticipate that the p.R170H mutation will cause loss of the interaction with S162 of MRPS22 and thereby lead to an altered conformation of this region. In summary, the anticipated structural consequences of the R135Q and R202H are likely similar as they are in close proximity to each other ($8.5Å ) and are part of the same buried charge cluster in between two subdomains of MRPS22 (Fig. 7) . In contrast, the R170H and L215P mutations are postulated to indirectly cause disruption of protein: protein interfaces (Fig. 7) .
The etiology of ovarian dysfunction due to mutations in MRPS22, and other proteins that function in mitochondrial translation, remains unclear (42) . However, the fact that germcell specific deletion of mRpS22 in Drosophila results in agametic ovaries suggests a cell autonomous phenotype within the female germline. Interestingly, the precursors to these cells, primordial germ cells, demonstrate significantly elevated OXPHOS activity relative to other cell types (43) . Furthermore, this activity is important for the eventual specification of these stem cells (43) . The critical dependence of primordial germ cells on high levels of OXPHOS may contribute to the specific ovarian dysgenesis phenotype in the context of relatively mild impairments in mitochondrial translation, as other cell types are unaffected by the subtle mitochondrial defects. Thus, the identification of mutations in specific genes that cause these mild mitochondrial defects and are therefore critical for oocyte formation will lead to a better understanding of normal ovarian development and potentially a better understanding of the molecular basis of premature ovarian failure.
Materials and Methods
Human studies
These studies were approved by the ethics committees of Rambam Health Care Campus, Marmara University, and the Baylor-Hopkins Center for Mendelian Genomics. Informed consent was obtained from all participants. Peripheral blood was collected from affected individuals, parents and unaffected relatives if available. Genomic DNA was extracted from blood leukocytes according to standard procedures.
Linkage analysis
Individuals F1-IV-5, F1-IV-9 and F1-IV-1, were genotyped at loci across the genome using the Illumina Omni 250K SNP chip. Based on the presumed autosomal recessive model of inheritance, regions of homozygosity greater than 1 megabase were identified that were shared between the affected individuals F1-IV-5 and F1-IV-9, but not the control individual F1-IV-1.
Whole exome sequencing
Whole exome sequencing (WES) of patient F1-IV-5 and control individual F1-IV-1 was performed at The Technion Institute Sequencing Core. DNA was extracted from whole blood and sequencing using the Illumina TruSeq kit. Samples were sequenced with paired-end 100 bp reads totaling 19 290 546 for sample F1-IV-5 and 18 997 336 for sample F1-IV-1. The fastq sequence files were mapped to the reference human genome GRCh37 using BWA (v. 0.7.5) (44). Sequence was analyzed following the GATK (v. 2.8-1) best practices including removal of duplicate reads by Picard (v. 1.105), local realignment and base quality score recalibration (45) . The resulting number of unique mapped reads for F1-IV-5 and F1-IV-1 were 17 785 392 and 14 074 730, respectively. The average read depth was 15.3Â and 14.7Â respectively. HaplotypeCaller was used to call SNPs and indels (45) . For SNPs, the filters used were QD < 2.0, FS > 60.0, and MQ < 40.0. For indels, the filters used were QD < 2.0 and FS > 200.0. The variants passing these filters were annotated with Annovar (46) using the following databases: nonsyn_splic-ing, esp6500si_all, 100g2012apr_all, snp137NonFlagged, ljb2_sift and ljb_pp2. WES was performed on the patient F2-IV-2 at the Baylor College of Medicine Human Genome Sequencing Center (BCM-HGSC) according to a previously described protocol (47) . In brief, genomic DNA samples were prepared into Illumina paired-end libraries and underwent whole-exome capture via the BCM-HGSC core VCRome 2.1 design (48) (42 Mb, NimbleGen, Cat. No. 06266380001) according to the manufacturer's protocol (NimbleGen SeqCap EZ Exome Library SR User's Guide), followed by sequencing on the HiSeq 2000 platform (Illumina) with a sequencing yield of 8.4 Gb. The samples achieved 96% of the targeted exome bases covered to a depth-of-coverage of 20 or greater (49) . Data produced were aligned and mapped to the human genome reference sequence (Genome Reference Consortium GRCh37, hg19) with the Mercury in-house bioinformatics pipeline (50) . Variants were called using the ATLAS (an integrative variant analysis pipeline optimized for variant discovery) variant calling method and the Sequence Alignment/Map (SAMtools) suites and annotated with the in-house-developed 'Cassandra' annotation pipeline that uses Annotation of Genetic Variants ANNOVAR and additional tools and databases.
Variant prioritization for indels was as follows: If an indel is reported as a variant in the Human Gene Mutation Database (HGMD) and its frequency is less than 5% in the 1000 Genomes Project (1000GP) data, it was included. If it is not present in HGMD, it has to pass through all of the variant quality filters and its frequency has to be less than 2% in 1000GP data to be prioritized and investigated further as a potential pathogenic variant. In a second filtering step, another filter is further applied based on the number of samples having the variant in Atherosclerosis Risk in Communities Study (ARIC) database. The number of samples having the variant in the ARIC database should be less than 120 out of 10 940 samples in total.
Variant prioritization for single-nucleotide variants (SNVs) was as follows: If a SNV is reported as a variant in the HGMD or it has a clinical variant value between 3 and 8 in the Single Nucleotide Polymorphism database (dbSNP), its frequency has to be less than 5% in both 1000GP data and NHLBI GO Exome Sequencing Project (ESP5400) African and European populations. If it is not present in HGMD and does not have a clinical variant value between 3 and 8 in dbSNP, it has to pass through all of the variant quality filters and its frequency has to be less than 1% in both 1000GP data and ESP5400 African and European populations to be prioritized and investigated further as a potential pathogenic variant. Like indels, the SNVs that pass these filters were further filtered based on the number of samples having the variant in the ARIC database (should be less than 120 out of 10 940 samples in total). These filtering steps typically obtain $800 variants per sample (50) .
Given the apparent autosomal recessive inheritance pattern in the pedigree we focused on the homozygous variants in the parsed and filtered WES data. Out of $800 variants, we selected the homozygous variants that have an allele frequency below 0.1% in our internal database (CMG), which consists of more than 6500 exomes including $ 1100 Turkish exomes. Then potential pathogenic variants including indels, nonsense and splice site variants, and missense variants that were predicted as deleterious in at least three out of five computational algorithms including SIFT, Polyphen2, LRT, Mutation Taster and PROVEAN, were selected as candidate variants. After these filtering steps five homozygous candidate variants in BCL6, KDM1A, MRPS22, PLXND1 and TRIM62 remained for manual inspection. 
Sanger sequencing
The MRPS22 (c.404G>A) variant was amplified by PCR using the following primers: 5 0 -ATG GCC TTA GTG GGA CAC AG-3 0 and 5 0 -AGG AGC GAA ACT CCA TTT CA-3 0 . The 12 PCR amplicons that
were not covered by WES in Family I on chromosome 3 between rs2737735 and rs16850488 were amplified and sequenced with the primers listed in Supplementary Material, Table S2 . Sanger sequencing was performed by GenScript. The data were visualized and analyzed using FinchTV (Geospiza).
Genotyping
The MRPS22 (c.404G>A) variant was amplified by PCR using the following primers: 5 0 -GAA AAT TAT TGG TGT CAA AAT TGT A- 
Cell culture
For fibroblast cell lines, punch biopsies of skin were obtained from patients and controls. Patient and control fibroblast cell lines were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM) (Thermo Fisher #11965-092) supplemented with 10% fetal bovine serum (Sigma, #F2442) and 1% penicillin and streptomycin (Thermo Fisher 15140-122).
Western blotting
Protein was extracted from cultured primary fibroblast cells with RIPA buffer (Sigma #R0278) and a protease inhibitor (Roche #05892791001). Protein was quantified using the BCA method. Western blotting was performed and quantitated using ImageJ as described (51) . Primary antibodies used were an anti-MRPS22 monoclonal antibody (1: 1000, Proteintech #10984-1-AP) and an anti-alpha-tubulin antibody (1: 10 000, Sigma, #T9026). Secondary antibodies used were anti-rabbit (1: 5000, Thermo Fisher #31460) and anti-mouse (1: 5000, Thermo Fisher #31430).
Quantitative PCR (qPCR)
Total RNA was isolated from primary fibroblast cells using the PureLink RNA purification kit (Thermo Fisher) and reverse transcribed using the high capacity cDNA reverse transcription kit The qPCR reactions were performed with the power SYBR green PCR Master Mix (Thermo Fisher) and run on a Bio Rad CFX Connect Real Time System (Bio Rad). Expression levels were calculated using the ᭝᭝Ct method relative to the GAPDH control gene.
Fibroblast oxidative phosphorylation and electron transport chain activity
Studies used an O2K (Oroboros Instruments) with permeabilized skin fibroblasts and performed with 2 protocols as described previously (52) . Electron transport chain complexes in skin fibroblasts were measured spectrophotometrically at 37 C as described previously (53, 54) .
Mice
Heterozygous Mrps22 knockout mice [B6N(Cg)-Mrps22tm1.1 (KOMP)Vlcg/J, stock #028462] were purchased from The Jackson Laboratory and maintained by brother-sister matings. All mice used for experiments were obtained from breeder colonies at Case Western Reserve University. Mice were housed in ventilated racks with access to food and water ad libitum and maintained at 21 C on a 12-h light/12-h dark cycle. All mice were 
Drosophila stocks and culture conditions
All Drosophila strains used in this study were obtained from the Bloomington Drosophila Stock Center (BDSC), except for c587-Gal4 which was a kind gift of T. Xie (Stowers Institute, Kansas City, MO). The stocks obtained from BDSC include nos-Gal4 (BDSC #4937), bab1-Gal4 (BDSC #6802), tubP-Gal4 (BDSC #5138) and mRpS22-P{TRiP.HMC06144} (BDSC #65882). HMC RNAi lines are constructed in the VALIUM20 vector, designed for strong expression in both somatic and germline cells (55, 56) . To maximize knockdown expression, animals were raised at 29 C.
Immunofluorescence and image analysis
Drosophila ovaries from 2-3-day-old females were fixed and stained by standard methods (57) . The primary Vasa antibody was obtained from the Developmental Studies Hybridoma Bank, and used at 1: 100. Secondary antibody conjugated to Alexa Fluor 555 (Thermo Fisher) was used at 1: 200. Images were acquired on a Leica TCS SP8 confocal microscope and assembled using Photoshop (Adobe) and PowerPoint (Microsoft).
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Supplementary Material is available at HMG online. 
